Abstract. Nicotine has been found to induce the proliferation of lung cancer cells through tumor invasion and to confer resistance to apoptosis. Periostin is abnormally highly expressed in lung cancer and is correlated with angiogenesis, invasion and metastasis. Here, we investigated the roles of periostin in the lung cancer cell proliferation, drug resistance, invasion and epithelial-mesenchymal transition (EMT) induced by nicotine. The periostin gene was silenced using small interfering RNA (siRNA) in A549 non-small cell lung cancer (NSCLC) cells. The cells were transfected with control or periostin siRNA plasmids. Periostin mRNA was evaluated by quantitative reverse transcription-polymerase chain reaction (RT-PCR). Cell proliferation was detected using the MTT assay and cell apoptosis was detected by Annexin V-FITC and propidium iodide (PI) double staining. Tumor invasion was detected by the Boyden chamber invasion assay. Western blotting was performed to detect the expression of the EMT marker Snail. Our results revealed that stably periostin-silenced cells were acquired by G418 screening, and the periostin mRNA expression levels of which were decreased by nearly 80%. Periostin-silenced A549 cells exhibited reduced cell proliferation, elevated sensitivity to chemotherapy with cisplatin, decreased cell invasion and Snail expression (P<0.05). Nicotine upregulated the periostin protein levels in the A549 cells and this upregulation was not blocked by the generalized nicotinic acetylcholine receptor (nAChR) antagonist, hexamethonium. In conclusion, periostin is one of the targets regulated by nicotine in lung cancer cells and is involved in the cancer cell growth, drug resistance, invasion and EMT induced by nicotine.
Introduction
Periostin, also known as osteoblast-specific factor 2 (OSF-2), is an adhesion molecule that was initially identified in mouse osteoblastic cells as a secreted extracellular matrix (ECM) protein (1) . Periostin may interact with other ECM proteins and induce cell adhesion and motility by binding to integrins (2) . Periostin is highly expressed in many normal connective tissues, including periodontal ligaments, the fascia of muscles and joint ligaments, and may be involved in structural maintenance and tissue development (3) .
Abnormally high expression levels of periostin protein in a variety of human tumors, including thyroid cancer, oral cancer, gastric cancer and breast cancer, have been reported (4) (5) (6) (7) . Furthermore, periostin overexpression correlates with the angiogenesis, invasion and metastasis of these tumors. Periostin also stimulates tumor cell growth by promoting cell survival and angiogenesis through the Akt/PKB pathway (7, 8) . As a mesenchymal-specific protein, periostin is expressed and secreted by tumor mesenchymal cells. Overexpression of the periostin gene in 293T cells has been reported to cause epithelial-mesenchymal transition (EMT) as well as cell migration, invasion and adhesion (9) . Moreover, these periostin-overexpressing recombinant cells quickly formed metastatic loci when transplanted into immune-deficient mice (9) .
Lung cancer is a malignant tumor with high occurrence that originates from normal bronchial epithelial cells. The majority of lung cancers are non-small cell lung cancer (NSCLC), and patients with NSCLC are most commonly detected at an advanced stage, leading to a low 5-year survival rate (~15%). Cigarette smoking has been implicated in the pathogenesis and increased metastasis of lung cancer (10) . Nicotine is the most active carcinogen in cigarettes and may induce cell proliferation, invasion and EMT in breast and lung cancer cells (11) .
Although the stimulation by nicotine of the proliferation, invasion and EMT of NSCLC has been confirmed by a number of studies, the relationship between nicotine and periostin has not been reported. Furthermore, the overexpression of periostin has been found in the cells and serum of NSCLC and is related to the proliferation and migration of tumor cells and the poor survival of patients (12, 13) . Therefore, we propose periostin to be a novel therapeutic target for NSCLC. We investigated the effects on the proliferation, drug resistance, invasion and EMT of NSCLC cells of silencing periostin with small interfering RNA (siRNA). Our study indicated that peri-ostin may be a downstream target gene regulated by nicotine in the NSCLC cells.
Materials and methods
Cell culture. The human lung cancer cell line A549 was purchased from the Institute of Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences. The cells were cultured in DMEM media (Invitrogen-Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Sijichun Bioengineering Materials Inc., Hangzhou, Zhejiang, China), 100 U/ml penicillin and 100 µg/ml streptomycin, in a humidified incubator at 37˚C with 5% CO 2 . The cells were seeded in 24-well culture plates at a density of 1x10 6 /ml and treated with 1 µM nicotine (Sigma Chemical Co., St. Louis, MO, USA). In studies using the generalized nicotinic acetylcholine receptor (nAChR) antagonist hexamethonium, quiescence of the cells was induced by serum starvation for 24 h, followed by treatment with nicotine.
Construction of and transfection with periostin siRNA plasmid. The complementary oligonucleotides for periostin siRNA were obtained from the GenBank (accession number NM_006475.2) and were designed according to the general designing principles of siRNA. Two-step PCR was performed to amplify siRNA expression cassettes using forward primers for U6 promoter amplification and reverse primers (at 136, 246, 268 bp) for periostin at 94˚C for 30 sec and 72˚C for 90 sec for 40 cycles. The PCR products were ligated with plasmid pRNAT-U6.1 using T4 DNA ligase at 16˚C overnight, followed by transformation of competent Escherichia coli DH5α. The transformed DH5α was selected by blue-white screening, and confirmed by enzyme digestion and gene sequencing (Shen You Inc., Shanghai, China). The pRNAT-U6.1-periostin plasmid with the correct sequence was amplified and purified in large quantities.
A549 cells were seeded in 6-well plates at a density of 4x10 5 /ml. After culturing for 24 h, the cells were transfected with either pRNAT-U6.1-periostin siRNA plasmid or pRNAT-U6.1 control plasmid. Reverse transcription-polymerase chain reaction (RT-PCR) and real-time PCR were performed to detect periostin mRNA expression 48 h after transfection. The A549 cells with successful periostin silencing were selected for further G418 screening (400 µg/ml).
RT-PCR for detecting periostin mRNA expression following transfection with periostin siRNA. Total RNA was isolated from the A549 cells 48 h after transfection and RT-PCR was performed to quantify the periostin mRNA expression levels normalized to β-actin. cDNA was synthesized from RNA (5 µg) by reverse transcription using random primers (SuperScript III First-Strand Synthesis SuperMix kit; Invitrogen, Carlsbad, CA, USA). The forward and reverse primers were synthesized by Yingjun Biotechnology, Inc. (Shanghai, China) and are as follows: periostin forward, 5'-AGGCAAACAGCTCAGAGTCTTCGT-3' and reverse, 5'-TGCAGCTTCAAGTAGGCTGAGGAA-3'; and β-actin forward, 5'-CTGGCACCACACCTTCTACAATGA-3' and reverse, 5'-TTAATGTCACGCACGATTTCCCGC-3'. The conditions for the PCR of periostin and β-actin mRNA are 94˚C for 4 min (1 cycle); 94˚C for 30 sec, 57˚C for 30 sec and 72˚C for 1 min (33 cycles); and 72˚C for 7 min (1 cycle). The PCR products were subjected to electrophoresis on a 1.5% agarose gel containing ethidium bromide and then visualized under ultraviolet light.
Real-time PCR analysis. Periostin mRNA expression levels were further analyzed to confirm the results of RT-PCR using an RT-Cycler™ Real-Time PCR Detection System (CapitalBio, Ltd., Beijing, China) with SYBR-Green (Molecular Probes, Eugene, OR, USA). Following RNA extraction and the reverse transcription of RNA to cDNA, 1 µl cDNA was added to a 20-µl reaction mixture containing 0.5X SYBR-Green, 1X TransStart Green qPCR SuperMix (TransGen Biotech Co., Ltd., Beijing, China) and 0.5 µmol/l primer sets. The cycling conditions for the two genes were as follows: 95˚C for 5 min for 1 cycle, followed by 95˚C for 45 sec, 57˚C for 30 sec and 72˚C for 20 sec for 40 cycles. The expression levels of the cDNA of the two genes were internally normalized to those of β-actin. The 2 -∆∆CT method was used to calculate the relative quantitative levels of periostin mRNA. Each experiment was performed in duplicate and repeated three times.
MTT assay. The cell growth rate was determined by MTT assay (Sigma Chemical Co.). Briefly, 100 µl cells at the logarithmic growth phase were seeded into 96-well culture plates at a density of 1x10 3 cells/well. Then, cells transfected with control or periostin siRNA plasmids were cultured with DMEM media supplemented with 10% FBS and incubated with 1 µM nicotine (Sigma) for 1, 2, 3, 4 and 5 days. An MTT solution (5 mg/ml, 10 µl) was added to each well and the plates were incubated at 37˚C for 4 h. After centrifugation at 3,000 rpm for 10 min, the supernatant was removed and the remaining formazan pellet was dissolved completely in 100 µl DMSO. An ELISA plate reader was used to measure the absorbance at 570 nm to determine the amount of pellet.
Cell apoptosis assay. A549 cells were cultured in vitro and randomly assigned to one of four groups: normal control (siRNA-C), periostin-silenced (siRNA-P), normal treated with nicotine (siRNA-C+N) and periostin-silenced treated with nicotine (siRNA-P+N). After 72 h, 2x10 5 cells from each group were harvested for centrifugation at 2,000 rpm for 5 min. After washing with PBS buffer, the pellet was resuspended in 100 µl 1X binding buffer and incubated with 2.5 µl Annexin V and 5 µl propidium iodine (PI) (final concentration: 10 µg/ml) for 15 min in the dark. Apoptosis was determined by flow cytometry and analyzed using Lysis software. At least 10,000 events were analyzed for each sample.
Cell migration assay. The in vitro migration of the A549 cells was evaluated using a Boyden chamber invasion assay. A Transwell filter membrane was used for experiments in 24-well tissue culture plates. The lower side of the filter was coated with type I collagen (0.5 mg/ml) and contained low-serum medium in the presence or absence of nicotine. In the upper part of the Transwell plate, 5x10 4 cells transfected with control or periostin siRNA plasmid were resuspended in 100 µl DMEM medium and plated. The cells were fixed with methanol and stained with hematoxylin and eosin (Sigma). After 24 h, the cells on the upper surface of the filter were removed. The cells that had migrated to the lower part were counted by light microscopy (magnification x200) as the number of migrated cells. Each sample was assayed in triplicate and repeated twice Western blot analysis. Proteins were extracted for the determination of their concentrations using a bicinchoninic acid protein concentration assay kit (Beijing Biosea Biotechnology Co., Ltd., Beijing, China). Following separation on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels (polyacrylamide concentration 100 g/l), the proteins (50 µg) were electrophoretically transferred to a PVDF membrane. The PVDF membrane was blocked with 3% BSA at 37˚C for 1 h and probed with the mouse monoclonal antibodies against Snail (1:1,000) or periostin (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The second antibody was horseradish peroxidase-conjugated rabbit anti-mouse IgG and used at a dilution of 1:1,000 for 2 h at room temperature. A chemiluminescence method was used to visualize the density of the targeted bands. β-actin was used as an internal control.
Statistical analysis. Commercially available software (SPSS version 14.0) was used to perform the statistical analysis. The data are expressed as the mean ± SD. The Student's t-test (unpaired, two-tailed) was performed to compare the means between the two groups. P<0.05 was considered to indicate a statistically significant result.
Results
Efficacy of periostin siRNA transfection. RT-PCR was used to detect the levels of periostin mRNA following the transfection of the A549 cells with siRNA. The cells transfected with the siRNA for periostin showed clearly decreased expression of periostin mRNA. However, no difference in periostin mRNA levels was observed between the control plasmid-transfected cells and the untransfected cells (Fig. 1A) . To further confirm the results of RT-PCR quantitatively, real-time RT-PCR was carried out. The periostin mRNA levels of the A549 cells which stably expressed periostin siRNA were decreased by ~80% compared with those of the untransfected A549 cells, whereas the control plasmid had no influence on the periostin mRNA levels in the A549 cells (Fig. 1B) . The periostin mRNA expression levels were significantly reduced by transfection with periostin siRNA. The A549 cells which had been successfully transfected with periostin siRNA were further screened in culture media supplemented with G418 (400 µg/ml).
Periostin siRNA inhibited nicotine-induced lung cancer cell proliferation. To investigate the effect of silencing periostin on cell proliferation, we performed an MTT assay to evaluate the growth of the A549 cells. The results indicated that the A549 cells stably expressing periostin siRNA showed significantly slower growth on days 3, 4 and 5 than the normal A549 cells (Fig. 2A) . We observed no difference in cell growth between the cells transfected with control plasmid and the normal A549 cells. Nicotine treatment increased the growth of the A549 cells transfected with control plasmid. The effect of nicotine was significantly reduced by transfection with periostin siRNA (Fig. 2B) .
Periostin siRNA attenuated the nicotine-induced chemoresistance of lung cancer cells. A549 cells were incubated with cisplatin (5 µg/ml) throughout this experiment. The cells were randomly divided into four groups: siRNA-C, siRNA-P, siRNA-C+N and siRNA-P+N. Treatment with nicotine for 72 h significantly decreased the apoptotic rate of the A549 cells treated with cisplatin, as shown by flow cytometry. However, this chemoresistance was reversed in the periostin siRNAtransfected cells which had a significantly higher apoptotic rate than the cells transfected with the control plasmid. In the cells that did not undergo nicotine treatment, periostin siRNA transfection alone did not increase the rate of apoptosis ( Fig. 2C and D) .
Periostin siRNA inhibited invasion and the expression of EMT marker protein Snail.
Periostin siRNA-transfected cells showed a slightly lower index of invasion than cells transfected with control plasmid. Following nicotine treatment, the A549 cells showed a significantly higher index of invasion. However, in the nicotine-treated A549 cells, siRNA-periostin transfection significantly decreased the index of invasion compared with that of cells transfected with the control plasmid (Fig. 3A) .
The expression of the EMT marker Snail was determined by western blot analysis. In cells tranfected with the control plasmid (siRNA-C), the Snail protein levels were significantly increased by nicotine treatment. However, transfection with periostin siRNA significantly decreased the Snail protein expression levels in the A549 cells treated with nicotine ( Fig. 3B and C) .
Nicotine induced periostin upregulation in lung cancer cells in a nAChR-independent manner.
Western blot analysis revealed that treatment with 1 µM nicotine for 24 h significantly upregulated periostin protein expression levels in the A549 cells, suggesting that periostin may be a downstream target of nicotine in lung cancer cells. Pretreatment with a generalized nAChR antagonist, hexamethonium, did not influence the expression of periostin in the nicotine-treated or nicotine-untreated A549 cells (Fig. 4) .
Discussion
In this study, we investigated the effect of periostin on the proliferation, drug resistance, tumor invasion and EMT of NSCLC cells by silencing periostin with RNAi. A stably periostin-silenced cell line was acquired by G418 screening. The periostin mRNA levels of the NSCLC cells with stably expressed periostin siRNA were decreased by ~80% compared with those of the NSCLC cells without treatment. The periostin-silenced NSCLC cells exhibited reduced cell proliferation, elevated sensitivity to chemotherapy with cisplatin, decreased cell invasion and Snail expression levels. Nicotine upregulated periostin protein in the NSCLC cells, and this effect was not blocked by the generalized nAChR antagonist, hexamethonium.
Periostin overexpression in human tumors may promote tumor growth and survival by inducing the Akt/PKB pathway (14) . However, periostin overexpression is not always associated with increased proliferation, as shown in several human cancer cell lines (15) . In our study, we found that periostin mRNA was expressed in the A549 NSCLC cell line and may be fully silenced by RNAi (Fig. 1) . In order to explore the effects of silencing periostin, we used an MTT assay to evaluate the proliferation of the NSCLC cells. The results revealed that the stably periostin siRNA-expressing NSCLC cells grew more slowly than the cells transfected with control plasmid (Fig. 2A) . Furthermore, nicotine treatment increased the proliferation of the NSCLC cells and this effect was reversed by periostin silencing (Fig. 2B) .
Our study demonstrated that periostin silencing may significantly enhance the sensitivity of NSCLC cells to the chemotherapy agent cisplatin. Cisplatin treatment induced a moderate degree of apoptosis in the NSCLC cells and nicotine increased the cell survival rate and reduced the apoptotic rate. However, periostin silencing significantly increased apoptosis in the cells treated with cisplatin and nicotine. By contrast, with nicotine treatment, periostin silencing showed little influence on the apoptotic rate of the NSCLC cells. This phenomenon may be caused by nicotine and periostin inducing common survival pathways. The activation of survival pathways by nicotine may enhance the dependence of the NSCLC cells on these pathways and increase their sensitivity to periostin silencing. Nicotine stimulates proliferation and inhibits apoptosis in colon cancer cells by the activation of survival pathways, for example, by significantly increasing the expression of PI3K and the P-Akt/Akt ratio (16) . The Akt/PKB pathway also participates in the enhanced proliferation and survival promoted by periostin in several human cancer cell lines (14) . The possible mechanisms underlying the shared survival pathways of nicotine and periostin require further investigation. It has been reported that nicotine may induce chemoresistance by activating anti-apoptotic pathways in several cancer cell lines (17) (18) (19) , therefore the chemosensitizing effect due to shared survival pathways is a promising therapeutic approach in periostin-targeting therapy.
Tumor invasion is a complex, multi-step process that involves the alteration of cell adhesion to extracellular matrix protein interactions. Nicotine enhances the phosphorylation of calpains and increases the expression levels of COX2, VEGF and VEGFR2, which are molecules affecting the invasive process (20) (21) (22) . Our findings show that the pro-invasive effects of nicotine may be reversed by periostin silencing. Given the correlation between periostin overexpression and tumor proliferation and migration, our results indicate that periostin is not only a promising biomarker for NSCLC prognosis but also a potential target for therapeutical intervention.
EMT is a vital step occurring in epithelial cells for the acquisition of a malignant phenotype, including the capabilities of migration, invasion and metastasis to a new location (23) . Our results revealed that after nicotine treatment, the periostin gene-silenced NSCLC cells had significantly downregulated expression levels of Snail, which is an EMT-inducing gene. This suggests that periostin expression is required for EMT to occur in NSCLC cells.
Our study revealed that periostin expression was regulated by nicotine in NSCLC cells, suggesting that periostin is a downstream target of nicotine. The pathophysiological effects of nicotine are mediated by nAChRs, which are mainly expressed on neurons and neuromuscular junctions (24) . nAChRs have also been detected in primary endothelial cells as well as the A549 human NSCLC cell line. Nicotine has been shown to induce the invasion and migration of NSCLC cells in a α7-receptor-dependent manner (11) . In our study, we pretreated A549 cells with a generalized nAChR antagonist hexamethonium, followed by nicotine treatment. In the nicotine-induced A549 cells, the elevated expression of periostin was not affected by hexamethonium. This indicates that nicotine may upregulate periostin expression through nAChR-independent pathways. It also suggests that periostin overexpression is essential but not sufficient for nicotine-induced proliferation, drug resistance, invasion and EMT in NSCLC cells.
In conclusion, we identified that periostin is a nicotine-regulated gene and contributes to nicotine-induced cell growth, drug resistance, tumor invasion and EMT in NSCLC cells. Silencing periostin expression using siRNA may inhibit the proliferation, chemoresistance, invasion and EMT of NSCLC cells induced by nicotine. Periostin is a nicotine-regulated gene in NSCLC cells. Therefore, periostin may be a promising therapeutical target for NSCLC intervention in the future.
